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The length and posi/on of poly(A) tails 
are important for gene regula/on.
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Globin mRNA polyA site muta/ons (LOF) - thalassemia 
Prothrombin mRNA polyA site muta/ons (GOF) - thrombophilia 
Alterna/ve polyadenyla/on - cancer 
Disrup/on of host polyadenyla/on - influenza A
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Ashley Easter, Yuliya Gordiyenko, Carol Robinson

Identification of enzymatic modules in CPF



5500 6000 6500 7000 7500 8000 8500 9000 9500 10000
m/z

0

100
33+34+

32+ 35+

36+

34+

33+

32+

33+

34+

31+
30+ 

29+
44+

45+
43+ 42+

41+

51+

52+
53+

50+

49+
48+

47+

R
el

at
iv

e 
in

te
ns

ity
 (%

)

15+
16+

14+
14+

13+
13+12+ 12+11+

2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000
0

100

1000 1500 2000 2500 3000 3500 4000
m/z

0

%

100
34+

29+

26+

25+

24+
23+

28+17+
18+ 15+

45+

R
el

at
iv

e 
in

te
ns

ity
 (%

)

m/z 2000 4000 6000 10000 12000 14000 16000 18000 20000 220008000 24000

2000 30002500 3500m/z
0

%

100

15+
16+17+

34+

38+

52+

18+19+20+21+22+23+24+
R

el
at

iv
e 

in
te

ns
ity

 (%
)

m/z

Yth1
Pfs2
Pap1
Cft2+Ysh1
Cft1+Pfs2
Cft1+Pfs2+Yth1
Cft1+Pfs2+Yth1+Fip1
Cft1+Pfs2+Yth1+Pap1+Fip1
Cft1+Pfs2+Yth1+Pap1+2xFip1
Cft1+Pfs2+Yth1+2xPap1+2xFip1

Ashley Easter, Yuliya Gordiyenko, Carol Robinson

Identification of enzymatic modules in CPF



5500 6000 6500 7000 7500 8000 8500 9000 9500 10000
m/z

0

100
33+34+

32+ 35+

36+

34+

33+

32+

33+

34+

31+
30+ 

29+
44+

45+
43+ 42+

41+

51+

52+
53+

50+

49+
48+

47+

R
el

at
iv

e 
in

te
ns

ity
 (%

)

15+
16+

14+
14+

13+
13+12+ 12+11+

2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000
0

100

1000 1500 2000 2500 3000 3500 4000
m/z

0

%

100
34+

29+

26+

25+

24+
23+

28+17+
18+ 15+

45+

R
el

at
iv

e 
in

te
ns

ity
 (%

)

m/z 2000 4000 6000 10000 12000 14000 16000 18000 20000 220008000 24000

2000 30002500 3500m/z
0

%

100

15+
16+17+

34+

38+

52+

18+19+20+21+22+23+24+
R

el
at

iv
e 

in
te

ns
ity

 (%
)

m/z

Yth1
Pfs2
Pap1
Cft2+Ysh1
Cft1+Pfs2
Cft1+Pfs2+Yth1
Cft1+Pfs2+Yth1+Fip1
Cft1+Pfs2+Yth1+Pap1+Fip1
Cft1+Pfs2+Yth1+Pap1+2xFip1
Cft1+Pfs2+Yth1+2xPap1+2xFip1

38 sub complexes,  
computa1onal network analysis

Ashley Easter, Yuliya Gordiyenko, Carol Robinson

Identification of enzymatic modules in CPF



DNAPol II

polyadenylation

AAAAA A AA

AA

AAAAAAAA AAAA
AA

CPF cleavage

dephosphorylation

ORF

CPF

CPF

★

★

★

★

Nuclease

Poly(A) polymerase

Phosphatase

Casañal, Kumar et al, Science 2017    (with Carol Robinson)
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Titan Krios, K2 (LMB and eBIC) Ana Casañal, Ananth Kumar

The polymerase module

~ 200 kDa
No polymerase



Cryo-EM of the polymerase module
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• 3.5 Å resolution overall
• 3D classification
• focussed classification for 

individual domains with 
heterogeneity/flexibility

The polymerase module
Zinc ionAlpha helix

Beta strand

Ananth Kumar
Ana Casañal
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~200 kDa PDB 6EOJ, EMDB 3908, EMPIAR 10299
Casañal, Kumar et al Science 2017

The polymerase module



PDB 6EOJ, EMDB 3908, EMPIAR 10299
Casañal, Kumar et al Science 2017

The polymerase module



Interaction of  Yth1 with the polymerase module

PDB 6EOJ, EMDB 3908, EMPIAR 10299
Casañal, Kumar et al Science 2017



Interaction of Pfs2 with polymerase module

PDB 6EOJ, EMDB 3908, EMPIAR 10299
Casañal, Kumar et al Science 2017



Similarity to other nucleic acid binding complexes

mRNA 3ʹ end processing
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Plaschka et al (2017)
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Pap1 is flexibly tethered
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Yth1Fip1
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Pfs2

Cft1

Low complexity region (110–180)

Yth1 binding (180–220)

Pap1 binding (60–110)
Meinke et al., 2008

Hamilton & Tong 2020

Ezeokonkwo et al., 2011

Kumar, Yu et al, 2021 Genes Dev
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Understanding the dynamics of CPF
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Nuclease

Poly(A) polymerase

Phosphatase

How is the nuclease activated?



Mandel et al (2006) Tong lab

CPF nuclease
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module

Poly(A) polymerase module

Nuclease
module

Chris Hill



X-ray crystal and cryoEM structure of Ysh1-Mpe1 complex

PDB 6I1D,  EMD-0325
Chris Hill, Vytaute Borekaite

Hill et al., Mol Cell 2019



The active site is located 
at the end of a long tunnel 

PDB 6I1D,  EMD-0325
Chris Hill, Vytaute Borekaite

Hill et al., Mol Cell 2019



The active site is located 
at the end of a long tunnel 

PDB 6I1D,  EMD-0325
Chris Hill, Vytaute Borekaite

Hill et al., Mol Cell 2019



Cryo-EM of Ysh1-Mpe1-Ipa1 complex

C

N

 
 

8 nmD

cryoEM
map

Disordered Mpe1 C-terminal 
ZnK and RING domains

 
N

C

Disordered Ysh1 C-terminal 
domain, bound to Yjr141w

 

RING
ZnK

Yjr141w

57 kDa

Hill et al., Mol Cell 2019



Reconstitution of cleavage activity by the Ysh1 nuclease

3’UTR
Substrate

3’UTR

Cleavage products

3’UTR AAAAn

Polyadenylated product

Chris Hill Hill et al., Mol Cell 2019

Accessory factors CF IA and CF IB also 
proposed to play a role in 3’ end processing

★

★

Nuclease

Poly(A) polymerase

Core CPF



Reconstitution of cleavage activity by the Ysh1 nuclease

3’UTR
Substrate

3’UTR

Cleavage products

3’UTR AAAAn

Polyadenylated product

A

C

B

CPF co
re

Ysh
1-M

pe
1

Ysh
1-Y

jr1
41

w
Ysh

1-M
pe

1-

    
Yjr1

41
w

Cft1

Cft2
Ysh1

Pap1
Pfs2
Mpe1
Fip1
Yjr141w

Yth1

Rna14
Pcf11

Clp1

Rna15

Hrp1

CF IA

CF IB

250

150

100

75

50

37

25
20

15
10

Mw
(kDa)

L
(nt)
500

400

300

200

100

(-) 30 60 90

AAA(A)n

- ATP + ATP

 CPFcore
+ CF IA    + CF IB

(-) 30 60 90 time (min)

Pcf11

Clp1

Rna15
Rna15

Rna14
Rna14

Clp1

Pcf11

Rna15
Rna15

Rna14
Rna14

Cft2

S

Pap1

S

S

Ysh1

Mpe1

S
Ysh1

Yjr141w

S

Ysh1

Mpe1

Yjr141w

CPFcore

S

Ysh1Cft2

Mpe1

S

H

Pap1Pfs2
Fip1

Cft1 Yth1

PolPap1+Cft2
S

Cft2

Pap1Pfs2
Fip1

Cft1 Yth1

S

PolPap1
SS

H

Pap1Pfs2
Fip1

Cft1 Yth1

Pol
SS

H

Pfs2
Fip1

Cft1 Yth1

Hrp1

CF IA

CF IB

CPF sub-complexes and 
individual proteins

Cleavage factors and
sub-complexes

Cleavage and polyadenylation assays

CYC1 3' UTR
5' 3'

5' cleavage product

3' cleavage product

AAAAAA(A)n
+ ATP

D

CPFcore
Ysh1-
Mpe1

Ysh1-
Yjr141w

Ysh1-
Mpe1-

Yjr141w CPFcore
Ysh1-
Mpe1

Ysh1-
Yjr141w

Ysh1-
Mpe1-

Yjr141w

+ CF IA   + CF IB - CF IA   - CF IB

L
(nt)
500

400

300

200

100

(-) 30 60 90 30 60 90 30 60 90 30 60 90 (-) 30 60 90 30 60 90 30 60 90 30 60 90

polyadenylated 5' cleavage product

time 
(min)

**
*

3’UTR
Substrate

3’UTR

Cleavage products

3’UTR AAAAn

Polyadenylated product3’UTR
Substrate

3’UTR

Cleavage products

3’UTR AAAAn

Polyadenylated product

3’UTR
Substrate

3’UTR

Cleavage products

3’UTR AAAAn

Polyadenylated product
Chris Hill Hill et al., Mol Cell 2019

250

150

100

75

50

37

25
20

15

Core CPF

Mw
(kDa) Ysh

1-M
pe1

Ysh
1-YJR

141W
Ysh

1-M
pe1-YJR

141W

Cft1

Cft2
Ysh1

Pap1

Pfs2
Mpe1
Fip1
YJR141W

Yth1

★

★



A
L

(nt)
1 2 3 4 5 1 2 3 time (hrs)

CYC1 3' UTR

5' cleavage product

3' cleavage product

CPFcore
- CF IA - CF IB

4 5

RNA only (-)
- CF IA - CF IB

500
400
300

200

100

C

(-) 30 60 90 30 60 90 30 60 90 30 60 90 (-) 30 60 90 30 60 90 30 60 90 30 60 90

Ysh1

Mpe1

Pap1
Cft1
Pfs2

Yth1
Fip1Pap1Cft2

Cft1
Pfs2

Yth1
Fip1

Ysh1

Mpe1

Ysh1

Mpe1

Ysh1

Mpe1

Ysh1

Mpe1

Ysh1

Mpe1

Ysh1

Mpe1

Ysh1

Mpe1

+ + + + + + +

Cft1
Pfs2

Yth1
Fip1

Cft1
Pfs2

Yth1
Fip1

Cft1
Pfs2

Yth1
Fip1

+ + +

Pap1 Cft2 Cft2

+
Pap1

time (min)L
(nt)

500
400
300

200

100

CYC1 3' UTR

5' cleavage product

3' cleavage product

E
Ysh1Cft2

Mpe1

Pap1Pfs2
Fip1

Cft1 Yth1

Ysh1Cft2

Pap1

Glc7

Ssu72

Mpe1

Cft1

Pfs2

Fip1
Yth1 Pta1

Ref2
Swd2

Pti1

(-) 1 2 4 8 20 60 90 time (min)(-) 1 2 4 8 20 60 90

CPFcore
+ CF IA + CF IB

CPF
+ CF IA + CF IB

CYC1 3' UTR

5' cleavage product

3' cleavage product

L
(nt)

500
400
300

200

100

D

(-) 10 30 90 10 30 90 10 30 90 10 30 90 time (min)

NO
Yjr141w

100 nM
Yjr141w

200 nM
Yjr141w

400 nM
Yjr141w

CYC1 3' UTR

5' cleavage product

3' cleavage product

CPFcore + CF IA + CF IB

L
(nt)
500
400
300

200

100

(-) 10 30 90
+ CF IA

(-) 10 30 90
+ CF IB

(-) 10 30 90

+ Rna14-
Rna15

(-) 10 30 90
+ Pcf11-Clp1

Clp1

Pcf11

Rna15
Rna15

Rna14
Rna14 Hrp1

Rna15
Rna15

Rna14
Rna14

Pcf11

Clp1B

time (min)L
(nt)
500
400
300

200

100

CYC1 3' UTR

5' cleavage product

3' cleavage productReconstitution of cleavage activity

Hill et al., Mol Cell 2019



A
L

(nt)
1 2 3 4 5 1 2 3 time (hrs)

CYC1 3' UTR

5' cleavage product

3' cleavage product

CPFcore
- CF IA - CF IB

4 5

RNA only (-)
- CF IA - CF IB

500
400
300

200

100

C

(-) 30 60 90 30 60 90 30 60 90 30 60 90 (-) 30 60 90 30 60 90 30 60 90 30 60 90

Ysh1

Mpe1

Pap1
Cft1
Pfs2

Yth1
Fip1Pap1Cft2

Cft1
Pfs2

Yth1
Fip1

Ysh1

Mpe1

Ysh1

Mpe1

Ysh1

Mpe1

Ysh1

Mpe1

Ysh1

Mpe1

Ysh1

Mpe1

Ysh1

Mpe1

+ + + + + + +

Cft1
Pfs2

Yth1
Fip1

Cft1
Pfs2

Yth1
Fip1

Cft1
Pfs2

Yth1
Fip1

+ + +

Pap1 Cft2 Cft2

+
Pap1

time (min)L
(nt)

500
400
300

200

100

CYC1 3' UTR

5' cleavage product

3' cleavage product

E
Ysh1Cft2

Mpe1

Pap1Pfs2
Fip1

Cft1 Yth1

Ysh1Cft2

Pap1

Glc7

Ssu72

Mpe1

Cft1

Pfs2

Fip1
Yth1 Pta1

Ref2
Swd2

Pti1

(-) 1 2 4 8 20 60 90 time (min)(-) 1 2 4 8 20 60 90

CPFcore
+ CF IA + CF IB

CPF
+ CF IA + CF IB

CYC1 3' UTR

5' cleavage product

3' cleavage product

L
(nt)

500
400
300

200

100

D

(-) 10 30 90 10 30 90 10 30 90 10 30 90 time (min)

NO
Yjr141w

100 nM
Yjr141w

200 nM
Yjr141w

400 nM
Yjr141w

CYC1 3' UTR

5' cleavage product

3' cleavage product

CPFcore + CF IA + CF IB

L
(nt)
500
400
300

200

100

(-) 10 30 90
+ CF IA

(-) 10 30 90
+ CF IB

(-) 10 30 90

+ Rna14-
Rna15

(-) 10 30 90
+ Pcf11-Clp1

Clp1

Pcf11

Rna15
Rna15

Rna14
Rna14 Hrp1

Rna15
Rna15

Rna14
Rna14

Pcf11

Clp1B

time (min)L
(nt)
500
400
300

200

100

CYC1 3' UTR

5' cleavage product

3' cleavage product

3’UTR
Substrate

3’UTR

Cleavage products

3’UTR AAAAn

Polyadenylated product3’UTR
Substrate

3’UTR

Cleavage products

3’UTR AAAAn

Polyadenylated product

3’UTR
Substrate

3’UTR

Cleavage products

3’UTR AAAAn

Polyadenylated product

Reconstitution of cleavage activity
This may explain why cleavage had 
never been reconstituted with 
recombinant proteins

Hill et al., Mol Cell 2019



Negative Stain EM of Core CPF

EMD-0324
Hill et al., Mol Cell 2019
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Mpe1 binds the polymerase module 
and polyadenylation Pfs2Mpe1
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activation
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What about the human complex?
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RBBP6/Mpe1 is not a core subunit of 
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RBBP6 activates human pre-mRNA 
cleavage

Boreikaite et al Genes Dev 2022
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RBBP6 activates human pre-mRNA 
cleavage
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RBBP6 activates human pre-mRNA 
cleavage
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RBBP6 activates human pre-mRNA 
cleavage
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Reconstitution of 3ʹ-end processing
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CPF and APT dephosphorylate Pol II CTD
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CPF and APT interact directly with Pol II
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Pol II CTD is not required
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Pol II CTD is not required
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In vitro transcription is compatible 
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Emerging pre-mRNA

Additional densityStalk

APT interacts directly with Pol II



Ref2-Glc7-Swd2 sub complex also 
interacts with Pol II
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10 nm

CPF promotes  
dimerisation of Pol II 
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Pol II dimer

Pol II + APT

The Pol II dimer is compatible with  
APT binding
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The Pol II stalk is required for dimer 
formation
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CTD dephosphorylation promotes  
Pol II dimerization 
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Pol II (M2)

Pol II (M1)

RNA

Spt5 
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The Pol II dimer clashes with 
transcription factors
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Model for transcription termination
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